Members of the nuclear hormone receptor gene family of transcription factors have been shown to be expressed in characteristic patterns during mouse organogenesis and postnatal development. Using an RT-PCR based screening assay, we have identified nuclear receptors expressed in embryonal carcinoma stem cells. One of the cDNAs characterized, mERR-2, was found to be expressed exclusively during a narrow developmental window in trophoblast progenitor cells between days 6.5 and 7.5 post coitum (p.c.). From 8.5 days p.c. and onwards, the mERR-2 gene activity evaded detection as analysed by in situ hybridization. We also show that the mERR-2 gene product and the estrogen receptor share a common target DNA-sequence recognition specificity unique among members of the gene family. Furthermore, efficient homodimerization and DNA-binding of the orphan receptor mERR-2 was found to be dependent on interaction with the heat shock protein 90, a molecular chaperone hitherto recognized to interact only with the steroid hormone receptor subgroup of nuclear receptors. Based on our results we suggest that the mouse orphan receptor mERR-2 has the potentiaI to regulate overlapping gene networks with the estrogen receptor and may participate in signal transduction pathways during a short developmental period coinciding with the formation of the chorion.
Introduction
One group of extracellular signals known to modulate complex gene regulatory networks are ligands for a large group of transcription factors which belong to the nuclear hormone receptor gene family (reviewed in Evans, 1988; Green and Chambon, 1988; Beato, 1989) . In general, these receptors regulate gene expression by binding to derivatives of a six base pair core DNA-recognition sequence which leads to an increase or decrease in the transcription of target genes. Evolutionarily, the nuclear hormone receptors can be divided into three main subgroups: (i) thyroid hormone and retinoic acid receptors; (ii) orphan receptors without known ligands; and (iii) steroid ing of the E domain of this subgroup of nuclear hormone receptors and as a consequence also for high-affinity ligand-binding (Dalman et al., 1989; Picard et al., 1990 ). Members of the nuclear hormone receptor gene family, including the invertebrate Drosophila nuclear receptor homologues, have been shown to play important functions during development.
The Drosophila gap genes knirps and tailless are two examples of nuclear receptor genes which belong to the first genes in the segmentation gene hierarchy known to be expressed in Drosophila embryonic development (reviewed in Jackie and Sauer, 1993) . The ultraspiracle gene product which is the Drosophila homologue of the vertebrate retinoid X receptor (RXR) has been shown to be involved in female reproduction and eye morphogenesis (Oro et al., 1992) . Similarly, receptors for retinoic acid (RARs and RXRs) have been shown to participate in different mammalian postimplantation processes including patterning of the axial skeleton and morphogenesis of the heart and eye (Lohnes et al., 1993; Kastner et al., 1994; Sucov et al., 1994) . However, nuclear hormone receptors may not only play important role(s) during mammalian organogenesis but also during earlier developmental stages as suggested by the detection of estrogen and progesterone receptor (ER and PR, respectively) mRNA by PCR in mouse preimplantation embryos (Hou and Gorski, 1993) .
In order to identify and characterize additional putative nuclear receptors expressed early during mouse development we designed an RT-PCR screening assay to isolate nuclear receptors expressed in mouse embryonic stem (ES) cells and embryonal carcinoma (EC) cells. Mouse ES cells are directly derived from the inner cell mass (ICM) of mouse blastocysts (Kuhn et al., 1991 and references therein) and EC cells have certain characteristics similar to early post-implantation cells (Strickland and Mahdavi, 1978; Hogan et al., 1981) . Here we report the identification, cDNA cloning, expression pattern and functional characterization of one of the nuclear receptor genes we have isolated by this approach. We have analysed the differential expression of this gene during EC cell differentiation and during mouse development. Furthermore, we have biochemically characterized the gene product with respect to DNA binding, dimerization and interaction with the molecular chaperone hsp90. The spatially restricted expression pattern observed during 1 day of early post-implantation development suggest a role of this gene product in the generation of the chorion trophoblasts. In addition, our functional characterization of the gene product indicates a possible convergence with estrogen signal transduction pathways.
Results

I. identification of nuclear hormone receptor genes expressed in undifferentiated mouse ES and EC cells
An RT-PCR based screening strategy was developed in order to identify members of the nuclear receptor gene family expressed in undifferentiated ES and EC cells. Total RNA from undifferentiated mouse P19 EC cells was transcribed to single-stranded cDNA and amplified by PCR using degenerated oligonucleotides complementary to the consensus sequences of the evolutionary highly conserved P-box and Ti-domain. The collection of nuclear receptor cDNAs identified included RAR and RXR isoforms expressed in P19 EC cells (Zelent et al., 1989; Leroy et al., 1991; Bain and Gottlieb, 1994) . In addition, other putative nuclear receptor cDNAs were isolated, one of which we originally designated EC-99. Comparison of the cDNA deduced amino acid sequence of EC-99 with published nuclear receptors revealed that it shared the highest degree of similarity with the ER and two human orphan nuclear receptor cDNAs ERR-1 and -2 (Gigubre et al., 1988) . The unique sequence of the cDNA deduced amino acid sequence of the P box region (EACKA) distinguished EC-99 from the ER and based on sequences outside the P-box identified EC-99 as the putative mouse homolog of the human orphan receptor ERR-2. Given this information we cloned the mouse ERR-2 cDNA (mERR-2) from ES cells and the sequence is shown in Fig. 1 .
The mERR-2 mRNA was readily detected as a major -4.3 kb band by Northern blotting in undifferentiated F9 EC cells in contrast to the low expression levels detected only in a few adult tissues including kidney ( Fig. 2A ) and heart (data not shown). In addition to the major -4.3 kb mRNA two different sized RNAs were detected with weaker intensities. These mRNAs may be due to alternative splicing, transcriptional termination or initiation. The mERR-2 mRNA was also expressed to high levels in undifferentiated ES cells to a level similar to that observed in F9 cells (Fig. 2B) . Interestingly, mERR-2 expression was below the detection limit both in P19 EC cells and in RAC 65 cells (Fig. 2B) which is a retinoic acid resistant cell line derived from P19 cells (Jones-Villeneuve et al., 1983) . Taken together, these results indicate that ERR-2 mRNA is, relative to differentiated adult tissues, abundantly expressed both in undifferentiated F9 EC cells and in ES cells. We next examined if mERR-2 mRNA expression is regulated during retinoic acid (RA) induced differentiation of F9 EC cells. The -4.3-kb mRNA abundantly expressed in undifferentiated F9 EC cells was found to completely disappear (Fig. 2C ) when cells were induced to differentiate to endoderm-like cells (Strickland and Mahdavi, 1978; Hogan et al., 1981) by aggregation and exposure to RA. Treatment of F9 monolayer cells with RA but without aggregation, also markedly downregulated the mERR-2 mRNA levels (Fig. 2C) . As the abundant expression and differential regulation of ERR-2 mRNA in EC cells in response to RA is reminiscent of the expression of other developmentally important transcription factors including the POU factor Ott-4 (reviewed in Schiiler 1991), RAR Leroy et al., 1991 and references therein) and the vertebrate homologue of the Drosophila receptor FTZ-Fl (Lavorgna et al., 1991) called ELP (Tsukiyama et al., 1992) we examined whether r&RR-2 also is subjected to developmental regulation.
Expression of mERR-2 mRNA is spatiotemporally restricted to the early stages of chorion formation
Mouse conceptuses (4.5, 6.5, 7.5, 8.5, 11 and 13 days p.c.) were examined for mERR-2 expression by in situ hybridization using an r&RR-Zspecific probe. Although we could not detect any reliable signal in preimplantation blastocysts (data not shown), mERR-2 expression was readily detectable in a restricted sets of cells in the early postimplantation conceptus at 6.5 days pc. These mERR-2-positive cells were confined to an ectodermally derived subregion of the amniotic fold (Fig. 3A-D) , which is formed following the juxtaposition of mesodermally derived cells at around day 5.5-6 days p.c. (Snell, 1941) . One day later, at 7.5 days p.c., n-&RR-2 expression re- mains high in the amniotic fold cell derivatives which by now have formed the chorion ( Fig. 3E-J) . The expression of mERR-2 is low or absent in the mesodermal cells lining the ectodermal cells of the chorion (Fig. 31, insert) . It is noteworthy that the hybridization signal is highest at the boundary between the chorion and the extraembryonic ectoderm (Fig. 3G,H) . However, only 1 day later, at 8.5 days p.c., no signal could be detected either in the basal part (chorionic plate) of the early placenta after the chorio-allantois fusion or in any other region of the embryo (Fig. 3K ,L and data not shown). Also at later developmental stages (days 11 and 13 p.c.) no signal could be detected even after 4 weeks exposure to emulsion (data not shown). Hence, we conclude that r&RR-2 gene expression is up-and downregulated in a narrow developmental window, coinciding with the formation of the chorion during early mouse post-implantation development.
mERR-2 binds with high affinity as a homodimer to an estrogen response element
Nuclear receptors interact with two general classes of DNA core recognition sequences either as monomers, homodimers or heterodimers with RXR. Interaction with an AGAACA or an AGGTCA DNA core sequence is largely determined by the P-box (Mader et al., 1989; Danielsen et al., 1989; Umesono and Evans, 1989; reviewed in Glass, 1994) . However, as pointed out by Schwabe et al. (1993) , the discrimination of half site sequence is probably more complex than only having different discriminatory amino acids within the P-box. The mERR-2 P-box (EACKA) is most closely related to the Pbox sequence of ER (EGCKA). These data suggest that the orphan receptor r&RR-2 may accommodate structural requirements needed to interact with the palindromic ERF or alternatively, as shown for a growing number of orphan receptors (Forman et al., 1995; Perlman and Jansson, 1995) , bind as heterodimers with RXR to direct repeat response elements. To investigate the DNA binding specificity of mERR-2 a gel mobility shift assay was employed in which mERR-2 was incubated in the presence or absence of RXR together with either an ERE as probe or with the different direct repeats (DR l-5) as probes. RAR, THR and VDR which bind as heterodimers with RXR to DR 2 and 5, DR 4 and DR 3, respectively (Glass, 1994 and references therein) were included for comparison. As shown in Fig. 4 , of the six elements tested efficient mERR-2 DNA-binding could only be detected to the ERE and not to any of the other target sequences tested. In addition, RXR did not appear to affect binding of mFRR-2 to the ERE or to the direct repeats. To analyze the specificity of the interaction between mERR-2 and the ERE we next performed the DNA binding assay together , THR (THRvv) or VDR expressed in reticulocyte lysates were incubated at room temperature with a 32P-labeled wild type ERE probe (wtERE) or with 32P-labeled direct repeat probes separated by one to five nucleotides (DRl-5). Protein-DNA complexes formed were separated from unbound probe on 4% native polyacrylamide gels followed by drying of the gels and exposure to X-ray film. Vaccinia virus expressing mouse ERR-2 (ERR-2vv) or ER (ERvv) were incubated at room temperature with a 32P-labeled wild type ERE probe (wtERE) or with a 32P-labeled ERE probe mutated in either both half sites of the palindrome (dmERE) or in only one of the half sites (smERE). Protein-DNA complexes formed were separated from unbound probe on 4% native polyacrylamide gels.
with mutated EREs. These oligonucleotides were pointmutated either in both palindromic half sites (dmERE) or in only one of the half sites (smERE) at a position in the core recognition sequence shown to make direct base pairing with ER and to be critical for ER binding to the ERE (Schwabe et al., 1993) . As shown in Fig. 5 , incubation of the wild-type ERE (wtERE) probe together with either mERR-2 or ER resulted in the formation of specific protein-DNA complexes.
In agreement with previous results (Schwabe et al., 1993 and references therein), no protein-DNA complex could be detected when ER was incubated together with either the dmERE or the smERE (Fig. 5) . Interestingly, also mERR-2 did not appear to bind either to the dmERE or the smERE (Fig. 5 ). These results demonstrate that the second G in the ERE core recognition sequence not only is critical for ER binding but also that this nucleotide is important for mERR-2 DNA binding. More importantly, these results indicate that mERR-2 and ER appear to have overlapping bindingsite specificity.
To investigate if ERR-2 bind to the ERE as a monomer or as a homodimer, we co-expressed wild type mERR-2 together with an mERR-2 amino-terminally truncated and epitope-tagged receptor derivative (ATAG) in reticulocyte lysates (Fig. 6A ). As shown in Fig. 6B , a protein-DNA complex with intermediate migration was observed when both proteins were expressed and incubated with the ERE. These data demonstrate that mERR-2 interacts with an ERE as a homodimer. In addition, mERR-2 homodimerization also appears to be required for efficient
MGYPYDVPDYAVA _- istics. In an attempt to quantitatively compare the affinity of r&RR-2 for the ERE with the affinity of ER for the same target sequence we developed a quantitative solid phase non-separation DNA binding assay. To this end, equal amounts of radioactively labeled ER or mERR-2 translated in vitro in reticulocyte lysates was mixed with an increasing concentration of recombinant human ER produced in yeast and incubated together with the ERE oligonucleotide immobilized to scintillating microtitration plates. As shown in Fig. 8 , approximately equal concentrations of yeast produced ER was required to displace ER and mERR-2 from binding to the ERE. These results demonstrate that mERR-2 appear to bind an ERE with both similar specificity and affinity in vitro as ER which suggest that mERR-2 may have the ability to compete with ER for the same target sequence also in vivo.
2.4.
Functional interaction with the molecular chaperone hsp90 is required for efficient receptor dimerization and DNA binding ERE binding based on the observation that no protein-DNA complex could be detected when the palindromic ERE was mutated in only one of the half-sites (Fig. 5) . Next, co-immunoprecipitation experiments of wild type and ATAG receptors were carried out to determine whether homodimerization of mERR-2 require DNA binding or if receptor dimers can form prior to interaction with DNA. As shown in Fig. 7 (lanes l-3) , wild type receptor could not be immunoprecipitated with the 12CA5 monoclonal antibody specific for the nine amino acid HAI sequence or with an unrelated monoclonal antibody. The expressed ATAG receptor derivative which encodes the HA1 sequence was however efficiently precipitated by 12CA5 antibody but not by the unrelated antibody, respectively (Fig. 7, lanes 4-6) . When the wild-type receptor was co-expressed with the ATAG derivative and subjected to immunoprecipitation with 12CA5 antibody both proteins were immunoprecipitated. Co-immunoprecipitation of the wild type ERR-2 with the 12CA5 antibody demonstrates that mERR-2 not only binds an ERE as a homodimer, but that homodimerization can occur prior to DNA-binding (Fig. 7, lanes 7-9) . Taken together, these results clearly demonstrate that mERR-2 qualitatively is indistinguishable from the ER with respect to dimerization and ERE binding characterThe evolutionary divergence of the receptor supergene family is reflected by distinct functional differences between subfamilies of receptors. One of these differences appears to be that all steroid hormone receptors are complexed with the molecular chaperone hsp90 in contrast to receptors such as retinoid and thyroid hormone receptors which have been reported not to interact with hsp90 (Pratt, 1993) . To test whether or not mERR-2 is recovered in a heterodimeric complex with hsp90 in vitro, a cell free assay, which allowed an analysis of putative complexes between mERR-2 and the hsp90 present in the rabbit re- ticulocyte lysate (Dalman et al., 1989) , was employed. In analogy to other hsp90 associated proteins such as the dioxin receptor (McGuire et al., 1994) and steroid hormone receptors (Dalman et al., 1989) , mERR-2 was coimmunoprecipitated with the anti-hsp90 antibody but not with an irrelevant antibody (Fig. 9) . These results demonstrate that mERR-2 appears to be associated with hsp90 in vitro. Binding of hsp90 to the glucocorticoid receptor (GR) is required for proper ligand-binding both in vivo (Picard et al., 1990 ) and in vitro (Dalman et al., 1989) . Expression of GR in vitro in wheat germ lysates results in ligand-binding deficient receptors probably as a consequence of lack of interaction with the wheat germ homologue of mammalian hsp90 (Dalman et al., 1989) . In analogy, to test if hsp90 may be involved in r&RR-2 folding and function we analysed the dimerization and DNA binding properties of mERR-2 expressed in wheat germ lysates. As shown before (Fig. 9) , wild type receptor was efficiently and specifically co-immunoprecipitated by the 12CA5 antibody when coexpressed in reticulocyte lysates with the ATAG receptor derivative. In contrast, rnERR-2 expressed in wheat germ lysates did not homodimerize as efficiently (Fig. 10A ). In agreement with the previous finding that mERR-2 binds to an ERE as a dimer, the impaired homodimerization capacity of the wheat germ produced mERR-2 protein resulted in the abrogation of DNA binding activity (Fig. 10B) . These results indicate that hsp90 association is likely to be required for correct folding of, and thereby function of, mERR-2. In conclusion, our data suggest that r&RR-2 with regard to hsp90 interaction, DNA binding and dimerization specificity may provide the basis for functional interplay or interference with estrogen regulated signal transduction pathways.
3. Discussion
Spatiotemporal pattern of mERR-2 expression
Here, we have shown that the mERR-2 gene is abundantly expressed in undifferentiated EC cells and downregulated upon treatment with RA. Similarly, the nuclear receptor ELP (Tsukiyama et al., 1992) is also expressed in EC cells and down-regulated by RA (Tsukiyama et al., 1992) . Using in situ hybridization, Ikeda et al. (1994) reported that ELP mRNA could not be detected in mouse conceptuses from day 8 p.c. consistent with its isolation from EC cells and its postulated role in early embryonic development.
Our results suggest that mERR-2, in analogy to ELP, may be either a novel target gene of RA in EC cells and during early development.
Alternatively, there may exist an interesting cross-coupling mechanism in signal transduction between mERR-2 and RAR/RXR subfamilies of receptors in EC cells (Berkenstam et al., 1992; Keaveney et al., 1993) .
Examination of the spatiotemporal pattern of expression in vivo revealed that the mERR-2 gene is inactive during late preimplantation development but upregulated during early postimplantation development. The hybridization signal was at 6.5 days p.c. exclusively confined to the amniotic fold. The observation that the mERR-2 gene is active in the chorion of 7.5 days p.c. conceptuses is consistent with the view that the mERR-2-positive cells of the amniotic fold constitute the progenitors of the ectodermal lining of the chorion. Strikingly, within another day of development, the mERR-2 gene activity is downregulated in the chorion. No other cell type express any significant levels of r&RR-2 during the remainder of mouse embryogenesis or in adult mouse tissues examined. Similar to our analysis of mERR-2 expression in adult organs, Giguere et al. (1988) reported that the distribution of hERR-2 was restricted to very low concentrations in a few specific tissues from adult animals as detected by Northern blot analysis. A weak signal was reported to be detected in rat kidney, heart, testis, hypothalamus, hippocampus, cerebellum and prostate but not in all other tissues examined (human prostate and placenta; rat adrenal, gut, liver, lung, muscle seminal vesicles and spleen).
Our observations have identified mERR-2 as one of the earliest induced nuclear receptor genes during mouse post-implantation development. Specifically, the r&RR-2 gene demarcates a region within the amniotic fold which is not readily discernible morphologically.
Its up-regulation is likely to depend, directly or indirectly, on the inductive processes underlying the formation of the amniotic fold. The loss of mERR-2 gene activity in the chorion within another day of development coincides with the fusion between the chorion and the allantois and may reflect changes in the microenvironment modulating mERR-2 gene expression.
Later in development, the chorion, including its mesodermal lining, will take part in the formation of the labyrinth trophoblast layer which forms the structural basis for the nutrient-waste exchange between the maternal and the embryonic blood circulatory systems (Bridgman, 1948; Amoroso, 1958) . The low level of mERR-2 mRNA expression detected during the remainder of embryogenesis and in adult organs reinforce our notion that mERR-2 may play an important role during the formation of the chorion and hence the generation of labyrinth trophoblasts. Gene targeting experiments to generate mice lacking mERR-2 is required to determine the role of mERR-2 in the development of trophoblasts. Based on the expression pattern we speculate that n-ERR-2 deficient embryos may die from placental failure.
Common denominators between mERR-2 and ER
In in vitro experiments we have documented here that the mERR-2 gene product binds cooperatively as a homodimer to the same target gene sequence as the ER and with similar apparent affinity. These results suggest that ER and ERR-2 have the potential to regulate overlapping gene networks. In analogy, competition for overlapping binding sites of the regulatory region of the Drosophila gene Kriippel by the nuclear receptors knirps and tailless and the morphogen bicoid has been suggested as a mechanism by which developmental genes can be differentially regulated (Hoch et al., 1992) . In this context, it will be important not only to determine the expression pattern of ER and but also to examine the possibility of mERR-2 as a direct mediator of extracellular signals during development. Additional in vivo and in vitro experiments will be necessary to determine if mERR-2 function as a ligand-activated transcription factor. In preliminary co-transfection assays we have not been able to detect any constitutive transcriptional activity of mERR-2 (data not shown), indicating that mERR-2 in contrast to certain other orphan nuclear receptors may be a strictly ligand-dependent transcription factor. Alternatively, in analogy to other orphan nuclear receptor such as COUP, K. Pettersson et al. /Mechanisms of Development 54 (1996) 211-223 mERR-2 may function as a ligand-independent transcriptional repressor. Wiley et al. (1993) reported on the biochemical characterization of cellular factors called IBP-s that bind to AGGTCA sequences in the initiation site of SV40-major late promoter and repress transcription.
Interestingly, based on partial amino acid sequence and an antiserum to COUP, Wiley et al. (1993) identified that two of the IBP-s either were, or were closely related to hERR-1 and COUP. Independently if mERR-2 function as an activator and/or repressor of transcription, identification of the ERE sequence as a target gene sequence for mERR-2 should aid in the identification of putative chorion cell target genes.
Another feature common to mERR-2 and ER appears to be that both receptors functionally interact with the molecular chaperone hsp90, suggesting that mERR-2 functionally may belong to a distinct subgroup of orphan receptors which biochemically is more related to steroid hormone receptors than to other receptor gene subfamilies. Functional interaction of hsp90 with ERR-2 is a characteristic shared not only by steroid hormone receptors but also by other gene regulatory proteins such as the dioxin receptor (McGuire et al., 1994) and the myogenic determination factor MyoD (Shaknovich et al., 1992) and its partner factor El2 (Shue and Kohtz, 1994) . Our results demonstrated that mERR-2 expressed in wheat germ lysates did not homodimerize efficiently and consequently could not bind to an ERE. In analogy to steroid hormone receptors (Dalman et al., 1989) this may occur as a consequence of the failure of the wheat germ analogue of mammalian hsp90 to functionally interact with n&RR-2. This finding suggests a previously unrecognized role of hsp90 in regulating not only the ligandbinding activity of steroid hormone receptors but also the dimerization and DNA-binding function. These results therefore indicate that hsp90 may in fact be acting as a molecular chaperone (Wiech et al., 1992) on ERR-2. Consistent with this model, hsp90 has been demonstrated to be obligatory for a folding step following dimerization of MyoD and its partners, required for target DNA sequence recognition (Shue and Kohtz, 1994) .
Taken together, the narrow spatiotemporal regulation of n-&RR-2 gene expression coinciding with the formation of the chorion is indicative of a role for the mERR-2 gene in the early phases of embryonic placental development. Its function may involve cross-coupling mechanisms in extracellular signal transduction pathways mediated by mERR-2 and ER during mouse development as estrogens synthesized by the pre-implantation conceptus have been suggested to be important for proper implantation (George and Wilson, 1978) . In addition, it has been suggested that the lack of abnormal prenatal sexual differentiation and development in homozygous mutant mice with ER-disrupted genes may occur as a consequence to the activation of a compensatory alternative regulatory pathway (Lubahn et al., 1993) . The common denominators between mERR-2 and ER described here render the orphan receptor mERR-2 a prime candidate gene for regulating such a pathway.
Experimental procedures
Mouse conceptuses
Female Mus musculus domesticus (NMRI strain, BomMice, Denmark) were mated with males of Mus musculus musculus (Jackson Laboratory, USA) to generate hybrid embryos. The day of finding the vaginal plug was designated day 0.5 of pregnancy. Conceptuses were removed at different times post coitum (p.c.), fixed overnight in 4% paraformaldehyde in PBS, rinsed 3 X 15 min in PBS, dehydrated in ethanol (70:90:95:100%) and xylen and embedded in Histowax.
Cell culture, RNA preparation and Northern blot analysis
F9 EC cells and P19 EC cells (McBurney and Rogers, 1982) were cultured as described (Berkenstam et al., 1992) . F9 EC cells were either left untreated as undifferentiated monolayer cells or alternatively, treated with 1 PM all-trans retinoic acid (RA) either as monolayer cells or as differentiated cells grown as aggregates in Petri dishes (Hogan et al., 1981; Strickland and Mahdavi, 1978) . Total RNA from cell cultures, embryos and adult mouse tissues were isolated according to Chomczynski and Sacchi (1987) . For Northern blots 3Opg of RNA was electrophoresed through 1% agarose gels in formaldehyde/MOPS buffer, blotted onto Hybond-N nylon membranes and hybridized overnight at 42°C according to recommended procedures (Amersham) using a 32P random labeled DNA-probe consisting of a fragment from nucleotides +l to +465 in the mERR-2 sequence. Membranes were washed at a final stringency of 2X SSPE at 42°C. Probe was stripped from the membranes with 0.5% boiling SDS and rehybridized under the same conditions with a 32P random labeled DNA probe corresponding to a 227 bp fragment of the human p-actin cDNA.
In situ hybridization
The mouse embryo specimens were sectioned at 5 pm and mounted on Super Frost Plus (Menzel-Glgses, Germany) glass slides. Following deparaffinization, sections were pretreated and subjected to in situ hybridization analysis as described (Ohlsson et al., 1989) . The mERR-2 sense and antisense probes were generated by in vitro transcription with T7 or T3 RNA polymerase in the presence of [35S]UTP of a pBS plasmid containing a 280 bp long fragment from nucleotides +50 to +330 in the mERR-2 cDNA sequence. The washing procedures followed the protocol of Ohlsson et al. (1989) . The hybrid-ized sections were finally coated with Kodak NTB-2 emulsion and exposed for l-2 weeks. Slides were developed in Kodak D19 and counterstained with Mayers hematoxylin and 1% eosin.
RT-PCR screening assay
Random hexamer-primed cDNA synthesis was performed from 2 pug of total RNA from undifferentiated P19 EC cells as described (Grandien et al., 1995) . For the PCR, l/8 of the cDNA synthesis reaction was transferred to a 25 ~1 PCR mixture containing 17 pmol of each of the three degenerated oligonucleotides complementary to the P-box region in the DNA-binding domain [DBDl (S-CTCGCTCGCCCACCCGGGTGTJcGAAJoGGNTGT/cAAA/ oGG/cNl-Tr,T-3'); DBD2 (Y-CTCGCTCGCCCACCCG-GGTGT/cGGNA/TGNTGT/cA-AA/oGTNTTrJc'IT-3') and DBD3
(5'-CTCGCTCGCCCACCCGGGT/cCAG/,G-GNTGT/cAAAJoAJTGNTI'rJcT-3')]
and 50 pmol of an oligonucleotide complemetary to the Ti-domain of the ligand-binding domain [LBDl; (5'-CTGGTTCGGCCA-CGGCA/oA-ANCCNGGNAIIIIcJT'ITNG~cJGJAAJ~-3')]. PCR was performed as described (Grandien et al., 1995) but for 5 cycles of repeated denaturation at 95°C for 30 s, annealing at 48°C for 30 s, extension at 72°C for 60 s, followed by 30 cycles of repeated 95°C denaturation for 30 s, 55°C annealing for 30 s, 72°C extension for 60 s. Of this first PCR amplification l/25 was subjected to a secondary PCR performed under the same conditions. Amplified templates were subcloned into pBluescript II KS and analysed by dideoxy sequencing with T7 DNA polymerase.
Mouse ERR-2 cDNA cloning and plasmids
The mERR-2 cDNA was cloned based on the human ERR-2 cDNA sequence using two gene specific primers (ERR-2-C; 5'-CAGTAGGATCCTGAACACCATGGCT-CCGAAGACAGG-3', ERR-2-F; 5'-GCATGCGGATCC-ATCACACCT'TGGCC-3') made to contain BamHI sites for subcloning and the 5'-primer (ERR-2-C) also contained an NcoI site. Total RNA (2pg) from El4 ES cells (Kuhn et al., 1991) was used as template in a random hexamer-primed cDNA synthesis followed by amplification with the gene specific primers. PCR reactions were performed under the same conditions as described above except that 30 cycles of repeated denaturation at 95°C for 30 s, annealing at 55°C for 15 s and extension at 72°C for 120 s was used. Amplified template was cut with BamHI and subcloned into pBluescript II KS creating PBSmERR-2. Independent clones were isolated and sequenced on both strands and were all found to be identical from different independent PCR amplifications. The 5' untranslated region of the r&RR-2 cDNA was obtained by RACE-PCR (Edwards et al., 1991) using mERR-2 specific oligonucleotides.
For expression in vitro in reticulocyte or wheat germ lysates, the BamHIJBamHI fragment of PBS-mERR-2 was subcloned into pSP72 (Promega) creating pSP72JSp6-mERR-2. The ATAG receptor derivative pSP72JSp6-ATAG mERR-2 was made by replacing the NcoI (+l)JBstXI (+165) fragment of pSP72JSp6-mERR-2 with oligonucleotides (5'-TAG; 5'-CATGGG-CTACCCCTACGACGTGCCCGACTACGCCGTGAAC-GGT-3' and 3'-TAG; 5'-'ITCACGGCGTAGTCGGGC-ACGTCGTAGGGGTAGCC-3') encoding the HA 1 epitope and recognized by the 12CA5 antibody (Field et al., 1988) . The human ER cDNA was subcloned from plasmid pMT hER (Stefan Nilsson, KaroBio AB, unpublished) as a BamHIJSacI fragment into pSP72 creating pSP72JSp6-hER.
For expression in Vaccinia virus, the NcoIJBamHI fragment of PBS-mERR-2 was subcloned into a Vaccinia virus recombination vector (deMagistris and Stunnenberg, 1988) downstream of the viral IIK late promoter mutant ATA.
Protein expression, DNA binding analysis and immunoprecipitation
Human ER, mERR-2 and the ATAG mERR-2 were translated from plasmids pSP72JSp6-hER, pSP72JSp6-mERR-2 and pSP72JSp6-ATAG mERR-2, respectively in TNT rabbit reticulocyte lysates or when indicated in TNT wheat germ lysates (Promega) with Sp6 polymerase either in the presence or absence of [35S]methionine. The human vitamin D3 receptor (VDR) was expressed from plasmid pT7-VDR (Stefan Nilsson, KaroBio AB, unpublished) using T7 RNA polymerase. HeLa cells infected with recombinant Vaccinia virus (deMagistris and Stunnenberg, 1988) were used to express human ER, mERR-2, mouse RAR-P, mouse RXR$ and chicken thyroid hormone receptor-alpha (THR) and 0.4 M NaCl whole cell extracts (-5 mg protein/ml) were prepared as described (Berkenstam et al., 1992) . Between 25 and 125 ng of total protein was used in the band shift analysis. The Vaccinia virus expressed mERR-2 migrated as a single -49 kDa protein as detected by western blot analysis using an anti-chicken mERR-2 polyclonal antibody (data not shown). Human ER used in the quantitative DNA binding assay was expressed in yeast essentially as described (Haggblad et al., 1995) .
For band shift analysis, recombinant proteins were incubated at room temperature for 20 min in binding buffer (15% glycerol, 20 mM Hepes, pH 7.9, 5 mM MgC12, 50 mM KCl, 10 mM DIT, 5 mM PMSF and 3 mg of pdIdC) containing -1-5 fmol 32P labeled wild-type ERE probe (5'-AGGTCAN, or mutant ERE probes called dmERE (5'-AAGTCAN, and smERE (Y-AAGTCAN,TGACCT-3').
The direct repeat probes (DR-1 to DR-5) were derived from the DR-5 present in the RAR#2 promoter (deThC et al., 1990 ) and made to contain one to five nucleotides. Protein-DNA complexes were separated on 5% polyacrylamide/0.25
x TBE gels at -IO V/cm. followed by autoradiography. For the quantitative DNA binding assay, human ER expressed in yeast (yeast hER) was quantitated by a hormone binding assay with [3H]estradiol (Salomonsson et al., 1994) . Following quantitation, an increasing concentration of yhER was mixed at room temperature with 45 pM of human ER or mERR-2 translated from plasmids pSP72/Sp6-hER and pSP72/Sp6-mERR-2, respectively, in the presence of [35S]methionine. After mixing, displacement of in vitro translated ER and mERR-2 binding to an ERE by yhER was quantitated by incubating the different protein mixes at room temperature in scintillating microtitration plates containing immobilized ERE (0.01 pg per well). After binding, microtitration plates were washed, and ERE specific bound radioactivity was measured in a MicroBeta-1450 scintillation counter (Wallac, Finland) .
In immunoprecipitation experiments, 1 +ug of the 12CA5 antibody (BAbCO) or as a control 1 ,ug of an irrelevant antibody was preincubated with 4~1 unprogrammed reticulocyte or wheat germ lysate in 15~1 binding buffer for 5 min, at room temperature, whereafter 1~1 35S-labeled receptor was added and incubated for 1 h at 4°C. After incubation, 150,ul of a 50% Protein-A Sepharose slurry in the same buffer was added and incubated for 30 min on ice. Antibody-bound receptor was separated from free by three washes (500,~l each) in binding buffer containing 70 mM NaCl. After washing, antibody-protein complexes were eluted in 2.5X SDS buffer (25 mM Tris-HCl, pH 6.8, 50 mM DTT, 1% SDS, 5% glycerol) by boiling for 5 min. Eluted proteins were separated on 10% SDS-PAGE gels. Results were visualized by autoradiography after incubating gels in 1 M salicylic acid for 20 min. The hsp90 co-immunoprecipitation assay using an anti-hsp90 IgM antibody (Affinity Bioreagents) or an unrelated IgM antibody TEPC 183 (Sigma) has recently been described (McGuire et al., 1994) .
